Background and purpose: Dinoflagellates from the genus Ostreopsis have been related to the production of palytoxin and analogues. Based on that, this paper describes functional studies of crude extracts from Ostreopsis cf. siamensis collected in the Mediterranean Sea in order to biochemically characterize their toxic compounds. Methods: We compared the effects of 5 crude dinoflagellates extracts with a commercially available palytoxin and a purified Ostreopsis ovata extract on metabolic activity, membrane potential, and cytosolic calcium levels by using fluorescent dyes. Results: All the extracts resulted to be neurotoxic. In addition, all of them induced a membrane depolarization and a calcium increment that were abolished when preincubating with ouabain, an inhibitor of the Na + /K + pump. Conclusion: The effects observed were quite close to those induced by palytoxin and the Ostreopsis ovata extract as well, suggesting that Ostreopsis cf. siamensis is actually producing palytoxin-like compounds that are highly toxic and functionally active.
Introduction
Palytoxin is one of the largest and highly potent marine toxins first isolated from zooanthids of the genus Palythoa [1] [2] [3] . It has been also found in sea anemones, polychaete worms, crabs and herbivorous fishes [4] [5] [6] . However, algae from the genus Ostreopsis have been proposed as the possible biogenetic origin of this toxin as well as some potent analogues, e.g. ostreocin-D [7] [8] [9] [10] .
Ostreopsis species are distributed worldwide, and even though are more common in tropical and subtropical waters, since 1994 these dinoflagellates started to appear in the Mediterranean Sea [11] [12] [13] [14] . Several species such as O. siamensis [13, 15, 16] and O. ovata [17] [18] [19] , which have been postulated as producers of palytoxin analogues, have been also involved in damaging effects in seafood or human toxic outbreaks.
Seafood poisoning in humans due to palytoxins, is characterized by abdominal cramps, nausea, diarrhea, 432 paresthesia, severe muscle spasms, and respiratory distress [20, 21] . Palytoxin-like compounds also cause human sufferings because of the exposure to the marine aerosols, with symptoms that include fever associated to serious respiratory disturbs, such as bronchoconstriction, mild dyspnea, wheezes, and in some cases conjunctivitis [17, 22] . At cellular level, it is widely accepted that palytoxin acts on the Na [24, [26] [27] [28] . The pump is also the specific target of heart glycosides, such as ouabain, and the reported data suggest that there is a competitive inhibition of the palytoxin actions by ouabain [3, [29] [30] [31] [32] .
One of the first effects induced by palytoxin is a membrane depolarization by increasing the sodium entry, potassium efflux, and altering the cationic permeability of the cells [33] [34] [35] [36] [37] . Another reported effect of this toxin is the induction of calcium influx [36, [38] [39] [40] . In excitable cells, at least three Ca accumulation in response to the increase in intracellular Na + and membrane depolarization, and (iii) an unknown pathway independent on its depolarizing action or on its action on intracellular pH [41, 42] .
The rise in cytoplasmatic Na + , the Ca 2+ increase, and, in general, the ionic disorder induced by palytoxin triggers a series of cellular events that lead to its cytotoxic effect [27, [43] [44] [45] [46] [47] [48] [49] . Palytoxin and its analogues exhibit extreme toxicity in mammals, with a LD 50 value of 450 ng/kg and 750 ng/kg after intraperitoneal injection of palytoxin and ostreocin-D respectively [50] .
Toxic compounds produced by Ostreopsis spp. are still not well known. Actually, a new palytoxin analogue, ovatoxin-A, has been described as produced by O. ovata collected in the Mediterranean coast [19] , but almost nothing has been published with regard to their functional behavior. The aim of this work was to pharmacologically characterize the toxins from O. cf. siamensis collected in the Mediterranean Sea. Based on that, we compared their effects on viability, membrane potential and intracellular calcium, with the ones induced by a commercially available palytoxin and a purified extract of O. ovata. Results allowed us to provide a deeper knowledge about the presence of palytoxin-like compounds in O. cf. siamensis produced by themselves.
Materials and Methods

Materials
Fluorescent dyes bis-(1,3-dibutylbarbituric acid) trimethine oxonol (bis-oxonol), and fura-2 acetoxymethyl ester (fura-2) were from Molecular Probes (Leiden, The Netherlands). Alamar Blue (AB) was from Biosource International (Nivelles, Belgium). Eagle's Minimum Essential Medium (EMEM) and Ham's F12 supplemented with glutamine, non-essential amino acids, gentamycin, and amphotericin B were purchased from Biochrom AG (Berlin, Germany). Fetal bovine serum (FBS) for neuroblastoma cell culture, trypsin-EDTA, Nutrient mixture F-12 Ham Kaighn's modification, streptomycin sulfate salt, penicillin G potassium salt, bovine serum albumine (BSA), and ouabain were from Sigma (Madrid, Spain). Fetal bovine serum for hepatocytes cell culture was from Gibco (Barcelona, Spain). Palytoxin from Palythoa tuberculosa was purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan). Ostreopsis ovata extract was purified by Dr. T. Yasumoto (Tama Laboratories, Japan). All other chemicals were reagent grade and purchased from Sigma (Madrid, Spain 
Ostreopsis cf. siamensis Crude Extracts
Ostreopsis cf siamensis were collected as epiphytic macroalgae at several locations along andalusian coast. Seawater containing the macroalgae sample was shaken vigorously to dislodge the epiphytic organisms. Clonal isolates were obtained by transferring individual cells through sterile seawater washes with a capillary pipette. After the washes, every single cell was similarly transferred into a microtitter containing 300 µL of sterile L1 medium.
Clonal cultures of Ostreopsis cf siamensis were established in L1 media [51] . The cultures were grown at 18 ± 1°C and a 14:10 h light:dark photoperiod. Illumination was provided by cool white fluorescent lamps. The cultures were shaken twice a day.
Ostreopsis cells were collected from the culture using a 20 µm mesh plankton net. The extracts were newly concentrated by centrifugation. The supernatants were removed and pellets were resuspended with methanol [methanol:pellet 3:1 (v/v)]. These extracts were stored at -14ºC.
Cell Line Culture
Human neuroblastoma cell line BE(2)-M17 used as excitable cellular model was cultured in EMEM:Ham´s F12 (1:1) supplemented with 2 mM glutamine, 1% non-essential amino acids, 50 mg/L gentamycin, 50 µg/L amphotericin B and 10% heat-inactivated FBS. Cells were grown in 25 cm 2 tissue culture flasks at 37°C in a humidified atmosphere containing 5% CO 2 , and were subcultured by transferring cells released by the application of 0.1% trypsin-EDTA [52, 53] .
Comparatively, rat hepatocytes from the cell line Clone 9 were used as non-excitable cellular model. Cells were cultured in a nutrient mixture F-12 Ham Kaighn's modification supplemented with 2.5 g/L NaHCO 3 , 28 mg/L streptomycin sulfate salt, 17 mg/L penicillin G potassium salt and 10% FBS. Cells were grown on 60 mm tissue culture plates in a humidified atmosphere with 5% CO 2 at 37°C, and subcultured by transferring cells released by the application of 0.25% trypsin-EDTA [54] .
For the fluorescence microscope assays, neuroblastoma cells were seeded on 22 mm glass coverslips at a density of 1.5-5 x 10 4 cells/well and used after 4-7 days. For the metabolic activity assay, neuroblastoma and hepatocytes were seeded on 96 well plates at a density of 4 x 10 4 cells/well, and were cultured for 24 h prior to treatment in order to allow them to attach to the bottom of the microplate.
Metabolic Activity Assay
Cell metabolic inhibition was tested as cytotoxic effect directly in the cell culture wells using the fluorescent probe Alamar Blue (AB). This redox indicator is a widely used nontoxic reagent that exhibits both fluorimetric and colorimetric properties in response to metabolic activity. The reductioninduced color change varies proportionately with cell number and time, changing from a nonfluorescent color blue to a reduced pink fluorescent form [55] [56] [57] [58] [59] [60] .
Toxins, extracts and controls were added in the wells by duplicate. Then, a 1:10 dilution of AB was aseptically added to the culture wells. AB fluorescence was measured using a FL600 fluorescence plate reader (Bio-Tek, Vermont, U.S.A.) at the excitation wavelength of 530 nm and the emission wavelength of 590 nm. Control cells were considered as the 100% viability, and results are expressed as the percentage of the fluorescence of treated cells versus the fluorescence in controls ones.
Measurement of Plasma Membrane Potential
Plasma membrane potential was measured with the slow potential-sensitive fluorescent dye bis-oxonol. Neuroblastoma cells were incubated in a thermostated chamber with the standard salt solution containing 5 nM bis-oxonol for 10 min at 37ºC. Fluorescence recordings were performed with a Nikon Diaphot microscope with epifluorescence optics (Nikon 40x immersion fluor objective) at the wavelengths 490 nm excitation and 530 nm emission [61, 62] . Results are expressed as relative fluorescence as in Louzao et al. [63] .
[Ca
2+
] i Measurements Neuroblastoma cells were incubated for 10 min at 37ºC in 2 mL standard salt solution with 0.1% BSA and containing 0.5 µM fura-2. Then, the cells were washed three times and placed into the thermostated chamber at 37ºC. Calcium measurements were made with the same microscope as above. Fluorescent images were collected by dual excitation wavelengths at 340 and 380 nm, and a wavelength emission at 530 nm with a Lambda 10-2 Sutter Instrument Co equipment [61, 62] . Data are expressed as normalized ratio by dividing the fura-2 340/380 ratio at time t with respect to the 340/380 ratio at the baseline.
Statistical Analysis
All the experiments were carried out three times. Results were analyzed using the Student's t-test for paired data. A probability level lower than 0.05 (p<0.05) was used for statistical significance. Results are expressed as the mean ± S.E.M.
Results
In this work we evaluate the functional behavior of five Ostreopsis cf. siamensis crude extracts compared with a commercially available palytoxin used as reference. Crude extracts are original from cultured cells collected from the South of Spain.
We first checked the cytotoxic effect at 24h of palytoxin and the Ostreopsis extracts in two cell lines, an excitable model (neuroblastoma BE(2)-M17) and a hepatic model (Clone-9) by using the metabolic activity dye Alamar Blue. 24h of incubation with palytoxin caused a concentration-dependent decrease of fluorescence indicating a reduction of cell viability in both cellular models ( Figure 1) . Since an excitable model results a better model for our study, in Table 1 we present the effect of 1:100 dilutions of O. cf. siamensis crude extracts in neuroblastoma cells viability ( Table 1) . The samples induced a decrease in the cellular viability, showing that all the extracts contained toxic compounds, even though extract A was the most cytotoxic and E the less one. It is widely accepted that palytoxin turns the sodium pump into a nonselective cation channel, resulting in a membrane depolarization. We used a previously developed assay to determine the effects of O. cf. siamensis crude extracts and palytoxin in neuroblastoma cells membrane potential, testing palytoxin as a positive control [63] . Results are presented by normalizing the fluorescence values obtained in the imaging microscope with respect to the baseline. Figure 2 shows that palytoxin induced a significant increase in bis-oxonol fluorescence, indicating a membrane depolarization of neuroblastoma cells. In addition, preincubation with 1mM ouabain for nearly 10 min, resulted in the complete abolishment of the depolarizing effect evoked by the toxin. This confirms the interaction between palytoxin and the specific inhibitor of the Na + /K + -ATPase ouabain. We also evaluated the effect of a 1:1000 and 1:10000 dilution of an Ostreopsis ovata extract, finding a high membrane depolarization of neuroblastoma cells that was also inhibited by ouabain ( Figure 3 ).
Next, we tested a dilution 1:100 of the crude extracts of O. cf. siamensis. All of them evoked a significant increment of the fluorescence of bis-oxonol loaded cells, which pointed out a membrane depolarization (Figure 4) . Furthermore, in order to determine if those extractsevoked depolarizations were due to the presence of palytoxin-like compounds, cells were incubated with 1mM ouabain for nearly 10min before addition of each extract. As in the case of the palytoxin used as reference, the membrane depolarizing effect was inhibited. All the fractions were found to induce a similar behavior, specially extracts C ( Figure 4C ) and D ( Figure 4D ), while extract A ( Figure 4A ) and E ( Figure 4E ) were the less depolarizing ones, and extract B ( Figure 4B ) seemed to be the most depolarizing dilution. But, interestingly, this last one was the only extract where ouabain did not inhibit all the increment in bis-oxonol fluorescence induced by the toxic compounds.
A secondary action of palytoxin in excitable cells has been reported to be the activation of voltage-dependent Ca ] i ). Again as a positive control we first studied the effect of palytoxin on the basal state of intracellular calcium of neuroblastoma cells by using the ratiometric dye fura-2. Figure 5 shows that palytoxin induced a significant fluorescence increment in fura-loaded neuroblastoma cells, which was indicative of a cytosolic calcium influx. 75nM palytoxin stimulated a great and ] i , whereas the effect of 15nM palytoxin was lower and more gradual. Anyway, as it can be observed in the same figure, the calcium increase induced by both concentrations of palytoxin was completely abolished by preincubation with ouabain. Studies with the O. ovata extract showed a fast dose-dependent increase of intracellular calcium in neuroblastoma cells, and the same inhibitory effect by ouabain was observed ( Figure  6 ). We analyzed the O. cf. siamensis extracts behavior on the fura-loaded neuroblastoma cells, and the calcium increase induced by them was significant in all the samples tested ( Figure 7 ). Among them, extracts C ( Figure 7C ) and D ( Figure 7D ) evoked a similar calcium increase, while extract E ( Figure 7E ) induced the lower calcium increment, and extract B ( Figure 7B ) triggered a fast increase reaching a high calcium level. Again incubation with ouabain before addition of the samples significantly reverted the extracts-induced [Ca 2+ ] i raise to values close to those of control ones.
A sample of these crude extracts of O. cf. siamensis was analyzed by LC/MS with MRM technique, but nor palytoxin nor ovatoxin-a were detected (Fattorusso, E., personal communication).
Discussion
Although Ostreopsis siamensis is typical of tropical and subtropical waters, its distribution is not restricted to those areas. Actually, several articles have reported the expansion of these species during the last years and their occurrence in massive blooms in the Mediterranean Sea. Human symptoms after exposure to seaside areas where Ostreopsis blooms in the Mediterranean Sea occurred included: rhinorrhoea, cough, fever, bronchoconstriction and wheezing [17, 64] . Taniyama et al [65] observed that crude extracts of Ostreopsis sp. from Japan were toxic to mice, resulting in a potentially lethal syndrome with symptomatic episodes of convulsion and drowsiness. Those symptoms have been reported to be early manifestations in palytoxin induced symptoms [66] . Elsemore, Mediterranean strains of O. siamensis showed toxicity in mouse bioassays, delayed hemolytic activity, and chromatographic properties with similar characteristics to palytoxin. Despite the potential threat for human health of these dinoflagellates, very few is known about functional properties of the palytoxin analogues produced by Ostreopsis species.
This study provides a deeper insight into the pharmacological behavior of cultured crude Ostreopsis cf. siamensis extracts from the South of Spain. The drop in cell viability observed in cells treated with the O. cf. siamensis samples indicates that all the extracts resulted to be toxic. The similar high mortality rate induced by all the extracts suggests the presence of potent or fast-acting toxins such as palytoxins. Although rat hepatocytes and human neuroblastoma were both sensitive to the cytotoxic action exerted by palytoxin, we decided to use the excitable human cellular model to make the pharmacological experiments. With the excitable model we could detect variations in membrane potential and ion fluxes, as well as use ouabain to confirm the palytoxin-like nature of the compounds produced by the dinoflagellates.
Palytoxin disturbs the function of the Na + /K + -ATPase, and as a consequence, varies the cellular homeostasis and triggers activities of vital importance for the proper cellular function, as membrane depolarization, intracellular calcium increase and pH i decrease.
We observed that the toxic O. cf. siamensis extracts induced a significant depolarization in human neuroblastoma cells, as well as the palytoxin used as reference and the purified extract from O. ovata. In fact, the crude extract B seems to evoke the higher depolarization, while extract C, D and E reached similar results, and the crude extract A was one that reached the lower level of fluorescence, indicative of a lower depolarization. Results suggest that depolarization may be due to an increase in cytosolic Na + as a primary effect evoked by the extracts, as it has been reported for palytoxin. This conclusion is supported by the fact that the depolarizing effect exerted by all the Ostreopsis extracts, as well as by palytoxin, was inhibited when preincubating with ouabain. Actually, no significant differences were observed between control cells and cells preincubated with ouabain, indicating that the depolarizing effect was completely abolished when ouabain was added before the toxin or the extracts. This fact was observed in all the extracts tested except in extract B. This one was the crude extract that showed a greater increment in bis-oxonol fluorescence, but ouabain was not able to completely abolish the initial depolarizing phase. This could be due to the presence of salts in the sample that could have enhanced the depolarizing effect evoked by the palytoxin-like compounds (since the most of the depolarizing effect resulted inhibited by ouabain). Even we can not discard the possible presence of other toxins that do not interact with ouabain.
Together with the depolarization observed, we also found an increase in cytosolic calcium levels induced by the standard palytoxin, which was abolished when preincubated with ouabain. As we had previously published, this intracellular calcium rise is due to the influx of external Ca 2+ [36] . This fact agrees with the cationic influx exerted by palytoxin due to the binding to the Na + / K + -ATPase and with the competitive inhibition exerted by ouabain. In the same way, the O. ovata purified extract induced an even higher intracellular calcium increase that was also inhibited by ouabain.
The crude extracts also evoked a fast and significant calcium entry, with a profile quite similar to that one evoked by palytoxin and by the O. ovata purified extract. Extracts B, C and D induced the higher increase in calcium, while extact E was the less effective in raising the cytosolic calcium concentration. Interestingly, during the linear period obtained in the first 100 s after addition of the extract A, the mean slope seems to be lower than in the other cases. Anyway, in all the samples tested the intracellular calcium increment was completely abolished when ouabain was added before, though the extracts produced a higher or lower effect. This specific inhibitor of the Na + /K + pump was able to block the calcium increase induced by the extracts since no differences were found with respect to the controls, indicating that this effect was probably due to the action of the toxic extracts on that receptor.
This hypothesis is based on the fact that the plasma membrane sodium-potassium pump is the only clearly recognized receptor for ouabain, despite several signaling pathways has been described for it [67] [68] [69] [70] . In addition, ouabain and palytoxin are known to competitively interact. Taking advantage of such interaction, we conclude a similar functional behaviour of the extracts when compared to those of palytoxin.
Ouabain is a compound used in our set of experiments just as a tool. It resulted surprising that ouabain did not induce a significant depolarization, but as can be observed on the graphs, its effect is quite variable among the experiments. These variations are reflected by the S.E.M. and even among the different assays. But what can be deduced from the graphs is that ouabain effectively abolishes the effect of the extracts in the same way as those of palytoxin. In fact, the concentration and time of exposure used were effective against palytoxin, the toxin used as positive control. So, although ouabain failed to induce neither a clear depolarization nor a calcium influx, it was certainly able to interfere with palytoxin action, and similarly, with the action of the extracts, not only in one of the effects observed (depolarization), but also in the calcium increase evoked.
Despite not being exerting a depolarizing effect, it doesn't mean that ouabain can not be targeting the pump. In fact, there are more examples, like Sorrentino et al., who did not observe a membrane depolarization induced by 5mM ouabain in LA-N-1 human neuroblastoma cells either [71] . And Kulikov et al. just observed a Na +2 increase of only 33% with 10µM ouabain after 6h [70] . The reason for concluding a possible functional interaction of the extracts with the Na + /K + -ATPase is that although several signaling pathways have been described for ouabain, the plasma membrane sodium-potassium pump is its only clearly recognized receptor. Since ouabain and palytoxin are known to competitively interact [3, [29] [30] [31] [32] , and the inhibition of the palytoxin effects by ouabain has been considered a specific method for detecting this toxin [14, 32, 72] , we took advantage of that interaction by applying it to other effects induced by palytoxin, and then concluding a similar functional behaviour of the extracts when compared to those of palytoxin with respect to the Na + /K + -ATPase. In addition, as commented before, since palytoxin as well as ouabain have effects on several signaling pathways [36, 70, [73] [74] [75] [76] [77] , it will be also interesting as a future project to test if the extract share with them other common functional effects.
Detection of palytoxin-like compounds on crude extracts could also be accomplished by analytical methods such as LC-MS, but no presence of palytoxin or ovatoxin-a was detected. However it is well-known that functional assays are more sensitive. Also due to the complex stereostructure of palytoxin, there are many possible isomers that can be being produced by O. cf. siamensis, among them, ostreocin-D, but due to the scarcity of this toxin, it could not be tested as a positive control. Anyway, this work compares the functional activity of palytoxin with that one of a purified extract from O. ovata and 5 crude extracts from O. cf. siamensis, leaving no doubt that all of them share a common functional activity.
Results obtained in this work provide the first evidence that Ostreopsis cf. siamensis from the Mediterranean Sea produce active compounds that were detected not to be palytoxin nor ovatoxin-a, but with similar functional characteristics than palytoxin and toxins from O. ovata: A) these compounds are highly cytotoxic to neuronal cells, and B) since a pharmacological point of view these compounds trigger a membrane depolarization and a Ca 2+ overload that can be suppressed by the preincubation with ouabain, suggesting an interaction with the Na + /K + -ATPase. Hence, the present findings confirm that Ostreopsis cf. siamensis contains highly active palytoxin-like compounds, and thus point out the possible human risk caused by Ostreopsis sp. blooms, demonstrating the requirement of control measures and biomonitoring of these species, that are becoming not just a tropical threat, but a worldwide problem. 1 
